Supplementary Note 1 Sample preparation
In this experiment, a Na-coated tungsten (W) surface was used to produce the positronium negative ions (Ps -). The Ps -formation efficiency on W surface is significantly improved by an alkali-metal coating; the effect of Na-coating W on Ps -emission is discussed in detail elsewhere 1 . The Ps -production target used was a poly-crystalline tungsten foil of thickness 50 μm (purity 99.95 %) and size of 3×3 mm 2 .
In order to remove bulk defects (which act as positron traps) and surface contamination such as oxide layers, the target was annealed in-situ by passing an electric current through it in vacuum at a base pressure of 1×10 -8 Pa. The temperature, monitored by a pyrometer, was raised to about 1800 K and held there for 20 min. Although a temperature of 2600 K is required to remove most of the vacancy-type defects 2 , the highest temperature used was limited to 1800 K in order to avoid deforming the target.
It has been found that efficient formation of Ps -ions can be obtained using this annealing temperature 3 . After cooling to room temperature, the W surface was coated with Na atoms using commercially made Na dispensers (SAES Getter S. Supplementary Note 2 Normalization of the experimental data
• Correction for the variation of the Ps -formation efficiency
The formation efficiency of Ps -ions varies gradually over time due to residual gas adsorption onto the Na-coated tungsten surface. Therefore, the data shown in • Correction for the overlapping volume of the Ps -and the UV laser beams
Overlapping volumes of the Ps -and the UV laser beams have been evaluated to correct the data for the variation of the spatial profile of the laser beam. The Ps -ions travel in the direction (say), pass through the forward grid at =0 and intersect with a laser beam in the direction. Then the overlapping volume, ℎ, is given by a convolution integration of overlap integration between each spatial profile with time, t, as
where p xy ( , ) p z ( − ) and l x ( − ) l yz ( , ) are the spatial profiles of the Psions and the laser beam normalized as
The speeds of the Ps -ion and light are denoted by and , respectively, and is the Ps -lifetime (479 ps). Here, the rate of the photodetachment process induced by laser irradiation at the wavelength of the shape resonance (expected to be one order of magnitude lower than that of self-annihilation 4 ) is ignored. We assumed that the 2D profile of Ps Supplementary References
